The basic principles are derived of steady momentum dissipation during laminar boundary-layer flow in macroporous soils. The principles lead to a flux law and to geometrical measures of the flow paths. The theory of kinematic waves evolves, and the shock fronts are routed with the method of characteristics. The approach is applied to TDR soil moisture readings at depths 0.15, 0.35 and 0.55 m in a soil under meadow during an infiltration experiment (rate and duration of sprinkling were 2.78 x 10" 5 m s" 1 and 4500 s, respectively). Momentum dissipation during flow within the soil profile is independent of momentum added to the soil surface by sprinkling. Specific momentum dissipation per unit depth in the soil profile was about 0.02 kg m 2 s' 1 , with a tendency to increase with depth.
INTRODUCTION
Conservation of mass, energy and momentum are fundamental laws of fluid mechanics. Explicit consideration of momentum in soil hydrology may reveal novel aspects of soil-water phenomena.
Water flow in soils is driven by gravity and the gradient of capillarity. The flowdriving energy is consumed by the irreversible dissipation of momentum due to viscosity as well as the reversible diffusion of capillary potential. Typically, dissipation dominates flow in well structured soils at high moisture contents and at high infiltration rates, whereas diffusion dominates flow in finer textured soils at some lower moisture contents and at low infiltration rates. Soil structure, antecedent soil moisture, and infiltration rate are therefore considered the three decisive parameters controlling type and amount of energy consumption during flow in soils.
Dissipation of momentum due to viscosity requires more or less uniform channels extending in the general direction of flow considerably beyond the unit length of a representative elementary volume (REV). Within these structural voids (referred to as macropores) water flow is relatively fast (i.e. preferential flow). Energy consumption per unit mass of flowing water is comparatively modest because only
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Diffusion of capillary potential requires a broad variety of pores which are typically arranged at random. All soil water participates in the diffusion process at the local scale, water flow is relatively slow, and energy is consumed at a high rate.
Because momentum dissipation and diffusion of capillary potential operate on different time and length scales, no theory has evolved to combine properly the two processes of energy transfer at the soil profile scale, although they may concur. Theoretical approaches to flow in structured soils may focus on one type of energy consumption and treat the other one in general terms, at best, or ignore it altogether. Richards (1931) presented the concept of energy consumption due to the diffusion of capillary potential. He considered hydraulic conductivity to be a matching factor, which implies energy consumption due to momentum dissipation; however, it is restricted to the same time and length scales of diffusion of capillary potential. On the other hand, momentum dissipation due to viscosity is based on the theory of laminar boundary-layer flow which does not consider energy transfer due to increases of capillary potential at all. The application of boundary-layer flow theory to flow in a cylindrical pipe leads to Poiseuille's Law.
Minor disturbances lead from capillarity dominated flow to the one dominated by momentum dissipation as Germann (1987) demonstrated for flow in a pipe with a diameter of 12 mm. The reverse transition, however, was not observed. There are analogous transitions, assumed during flow in soils, which are currently under investigation.
There are numerous studies implicitly considering momentum dissipation in soils and related porous media. Burdine (1953) , for instance, applied Poiseuille's Law to flow in porous media, thus linking hydraulic conductivity K with features of the voids. Shock fronts develop when laminar boundary-layer flow theory is applied to transient flow. They are tackled by the theory of kinematic waves, using the method of characteristics, as DeQuervain (1972) and Colbeck (1974) have demonstrated for flow in isothermal snow layers. Sisson et al. (1980) , Beven (1982) , Smith (1983), and Charbenau (1984) , among others, applied kinematic wave theory more formally to flow in soils, whereas Germann (1985) and Di Pietro & LaFolie (1991) derived model parameters from its application to drainage from artificial porous media containing large pores.
So far, the efforts to include the concept of momentum dissipation due to viscosity in the analyses of flow in soils have not extended beyond Poiseuille's Law and kinematic wave theory. In this contribution, we present the basics of momentum dissipation during flow in soils, and apply them to soil moisture variations due to sprinkling.
THEORY

Momentum of flow within the soil profile
The slab M-F -àH of water in Fig. 1 is considered to flow down along a vertical plane. Ai -àH is the contact area between water and the solid plane, where the orientations of Ai (m) and àH (m) are horizontal and vertical, respectively; F (m) is the thickness of the water film, and v(f) (m s 4 ) represents the velocity profile. Flow is laminar, i.e. v(f = 0), when F <«1 mm, as Germann (1990) argued. Flow is driven by the gradient of gravity, pg (kg m" 2 s~2), where p (kg nï 3 ) is the density of water, g (m s~2) is acceleration due to gravity, and f is the thickness variable within 0 < / < F. The shear stress x(f) (kg m 4 s~2) (i.e. force per unit contact area) is acting against gravity. Newton's law of shear:
(1) 07 states that energy added by the gravity gradient to M -àH -/ is balanced by the momentum dissipating at / towards the solid-liquid interface across the area A£ -àH in proportion to the dynamic viscosity LI (kg m 4 s'). Integration of equation (1) leads to the velocity profile of laminar flow within a Newtonian fluid as: 1
The mass of an infinitesimally thin layer is àM = âHAlâfp (kg), and its momentum is:
where the kinematic viscosity is n = u/p (m 2 s 4 ). Dingman (1984) views kinematic viscosity as the coefficient of momentum dissipation. The integration of equation (3) within the bounds of 0<f<F yields momentum dissipating due to frictional forces within the fluid during gravity-driven flow towards the stagnant-mobile interface as:
The average velocity of the slab follows from equation (2), and the vertical component of momentum is therefore:
The differential volume flow of the water slab is dQ(f) = A£v(f)df (m 3 s" 1 ). Integration under the consideration of equation (2), and division by the crosssectional area of soil, A (m 2 ), yields volume flux density of the water film as:
where
is the entire length of contact in A between mobile soil moisture w (m 3 m 3 ) and the parts of the soil-water system at rest. Equations (l)-(5) present steady flow and related steady momentum dissipation.
The mobile volumetric soil moisture (i.e. water flowing according to equation (5)) is:
It is a minor part of the total volumetric water content 0, thus as w < 0 the inequality holds.
The combination of equations (5) and (6) leads to steady flow of the water film as: Pietro & LaFolie (1991) observed the exponent of mobile soil moisture in equation (7) to vary to some extent with the rate of input to the soil surface. Equation (7) is therefore generalized to:
where a is a dimensionless exponent, and the conductance parameter is:
with dimensions of m s"
The combination of equations (8a,b) with equations (4a,b) leads to the horizontal and vertical components of specific momentum of mobile soil moisture (i.e. momentum per A) during steady flow between the soil surface and the wetting front as:
and
where Tz w (t)-jdH(t), T>\ is tortuosity and z w {t) (m) is the depth of the o wetting front as a function of time.
Equation (8a) expressess the flow relation of a kinematic wave (see, for instance, Beven & Germann, 1981; Germann, 1985 Germann, , 1990 ) whose volume balance is:
where the celerity c (m s' 1 ) is defined as:
It represents the propagation velocity of changes of mobile soil moisture. The celerity of the wetting shock front is: Water is assumed to infiltrate as a rectangular pulse with volume flux density q s (m s ] ) and duration t s (s), leading to the initial and boundary conditions of: (Germann, 1985) are:
The draining front intercepts the wetting front at depth z, i.e. henceforth q(Z >Zj,t) and w(Z >z } ,t) are single-crested functions of time. Further,
where ?^(Z) and f fl (Z) are the arrival times of the wetting and draining fronts, respectively, at depth Z. Conversely, the depths of the wetting and draining fronts as functions of time are:
respectively. Equations (15a, 16a) and (15b, 16b) express one point on the characteristics of the wetting and the draining front, respectively. The propagation of a kinematic wave is schematically depicted in Germann & Di Pietro (1996) . The kinematic wave approach to water flow in soils treats the propagation of the wetting front as a shock, assuming steady flow conditions between the front at z w (t) and the soil surface at z = 0. The propagation of the draining front follows from shutting off infiltration at t = t s . Germann (1985) derived equations (14c) and (14d) from assuming that an infinite series of water laminae is moving down the profile, each according to equation (2), where the lamina at F moves the fastest according to equation (11a).
Any temporal variation of water input to the soil surface is treated as an abrupt jump from a previous steady state to the following one. An increase of volume flux density (i.e. q i+l > q,) is routed according to:
where c, , +1 (m s" 1 ) is the celerity of the jump, and the indices i and /' + 1 refer to the previous and following rates of volume flux density and related mobile soil moisture, as demonstrated in Fig. 2 . An abrupt decrease of the input rate from q v to q i+l (i.e. q i+l < <?, ) propagates with the celerity of the draining front of q t according to equation (11a). The draining front will eventually intercept the wetting front. After interception, steady state under the condition of q i+1 will prevail within the depth range of 0 < z < z w (t). More complex input functions q s (t) can be routed as a series of rectangular input pulses q(t t , t t +At). Transient flow in reality is therefore approximated by a sequence of abruptly changing steady flows whose transitions are routed. As a consequence, modelling the variations of flux and momentum due to variations of input or other flow conditions is approximated by a series of steady states.
The average momentum of flow during the passing of a kinematic wave at depth Z < z,, according to equations (9a,b) and (14b,d), is:
t E {Z)-t w {Z) = bw: mxP TZ t D (z) -t w (z)+(t D (z) -/ s )«-' j(t -t s y al{a~l) dt (18) t E (Z)-t w (Z)
Momentum of infiltration
Volume flux density of infiltrating water carries specific momentum according to is = P?s * (19) with dimensions kg m" 1 s~' (Germann et al., 1997) . Because momentum of input is a function of the square of actual volume flux density, all properties and functions related to it are sensitive to temporal input variations.
Concluding remarks
The approach to momentum dissipation during flow in structured soils allows estimation of the volume flux density of highly mobile soil moisture from moisture readings (equations (8a,b) ) if the parameters a and b are known. The average momentum of flow follows from moisture readings by applying equation (18).
The current version of the approach is seen as a research tool to elucidate a posteriori the flow in soils which is presumably dominated by the dissipation of momentum. Presently, it is not suited to completely simulate macropore flow under given initial and boundary conditions.
METHOD AND SOIL
Soil moisture variations due to sprinkling were measured with TDR equipment. The wave guides were horizontally installed at depths of 0.15, 0.35 and 0.55 m. Each wave guide consisted of a pair of rods of stainless steel, 50 mm apart, with diameters and lengths of 6 mm and 0.25 m, respectively. An RF-Pulse transformer (500 kHz to 1 GHz and 50-200 O. ) was used to stabilize the signal on the Tektronix 1502B cable tester. The wave guides were multiplexed with a SDMX50 50W Coax Multiplexer, which was controlled by a 2IX Campbell Micrologger. The TDR system was calibrated according to Roth et al. (1990) who separated the impact of the wave-guide geometry from the soil properties, such as bulk density and the contents of clay and organic matter, on the dielectric constant. The frequency of data recording was set to 1/300 s" 1 at all three depths. Water was applied through a nozzle at a rate q s of 2.78 X 10 5 m s" 1 (corresponding to 100 mm If ), are compiled in Table 1 . shows a sharp increase, a steady state of some duration and a gentle recession.
The exponent a at depth Z is estimated through curve fitting by the method of the least sum of squares, applied to the transformed data of the recession limbs i.e. t >t D (Z), according to:
where the index / refers to the data pairs, w max (Z) is the difference between soil moisture at the peak and at late times (i.e. the far end) of the moisture curve. The exponent a is estimated from the slope of the transformed linear regression, equation (20) . Estimations of conductance b and the arrival of the wetting front, t w (Z), were derived from equations (15b) and (15a) Figure 3 compares the fitted curves with the data, and Table 1 summarizes the results of the analysis.
DISCUSSION
The variation of the exponent within 2.0 < a < 3.73 indicates preferential flow according to Germann & Di Pietro (1996) . ). Only values of volume flux density and momentum during t w (Z) < t < t D (Z) are reported in Table 1 because of the uncertainty of estimating t E {Z) in equation (18), i.e. the time of w(Z, t>t D ) approaching its final value. The momentum per unit depth varies modestly within 1.69 X 10" 2 < i/(ZT) < 2.45 x 10" 2 kgm~2s~\ with a tendency to increase with depth. Specific momentum is smallest at the 0.15 m depth with i(0.15) = 2.83 X 10 3 kgm" 1 s"
1
. This is about 3600 times the momentum of input flow i s = 7.7 X 10~7 kg m 1 s'\ indicating that channelled flow along macropores (i.e. according to equation (8a)) distinctly differs from flow above ground.
The model allows for the estimation of an equivalent diameter of cylindrical macropores, <| > m. The minimum total cross sectional area of macropores per A is assumed equal to w max (Z) (i.e. the macropores are assumed to be completely saturated with water) thus:
Further, the sum of the macropore circumferences per A is assumed equal to il A leading to:
where n is the number of the equivalent pores. Under the consideration of equation (8b The sensitivity of the equivalent pore diameter and pore numbers with respect to b are:
b 24n7tw raax l respectively, which demonstrates that the pore numbers are much more sensitive to variations of b than are the equivalent pore diameters. The values of <| > and nIA are given in the lower part of Table 1 . The range of 162>(j)>14.4 urn seems to overestimate the number of smaller pore sizes. On the one hand, the assumption of water-filled macropores is possibly too stringent because boundary-layer flow, as it is depicted in Fig. 1 , does not require completely saturated pores. It suffices that water films develop over some depth range. On the other hand, Germann et al. (1997) considered pore diameters in the range of about 10-15 um to be a minimum for the applicability of laminar boundary-layer flow theory, based on the assumption that soil water diffusivity D > r\ (m 2 s'). Thus, a lower value of § seems small but not impossible.
The presented approach of analysing flow in macroporous soils is based on a combination of nonlinear equations which were derived from steady-state dissipation of momentum. The approach was applied to TDR soil moisture readings. The arrival times of the wetting fronts, i w (Z), were reasonably well estimated with information from data of the period t > t D (Z), illustrating the applicability of the approach. However, its rigorous testing against a larger variety of preferential flow situations and its simultaneous application to flow within an entire soil profile are required.
CONCLUSION
Soil moisture variations at the depths of 0.15, 0.35 and 0.55 m during and immediately after sprinkling were analysed under the consideration of momentum dissipation during flow. Highly mobile soil moisture is separable from the remaining soil moisture. Specific momentum of infiltration is negligible compared to that of highly mobile soil moisture in the macropores. The latter is driven by gravity within the soil profile, and input to the soil surface provides mainly for the boundary condition to establish q s =bw a s in a given system of preferred flow paths. Momentum of flow increased with depth, indicating that preferential flow may continue for a long time and over a long distance once it is established.
